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Introduction
Ethylamine (EA), a primary aliphatic amine, is known to be a common starting material for many products including rubber latex, detergents, medicinal preparations, fibers, resins, and organic dyes. The decomposition reaction of EA has been extensively studied experimentally and theoretically . This is due to its importance as a surrogate model compound for nitrogen amine contents in biomass [10] and for understanding of the constitution and the molecular evolution of interstellar matter, as being a component of interstellar gases [22] . The decomposition of EA was first investigated by Taylor [3] . It was found that decomposition of EA to be a homogeneous unimolecular reaction by finding no effects for adding the foreign gases hydrogen, nitrogen, and ammonia in temperature range 500-540 °C and at pressures of 50-400 mmHg [3] . In a following work, Taylor and Ditman [4] reinvestigated the EA decomposition reaction at lighter conditions and concluded that the reaction to be heterogeneous and might go through a chain reaction mechanism at low pressure. In 1975, Lovas et al. [1] proposed a complex two stage cracking steps for EA pyrolysis. They stated that the decomposition reaction can produce nine polar species and three non-polar species, all of these species have been detected except for ethynylamine (CH≡CNH 2 ) and keteneimine (H 2 C=C=NH) [1] .
Methanimine Or methyleneimine (MI), ethenamine or vinylamine (VA), and its tautomer ethanimine or ethyleneimine (EI) are three of the polar products of the first crack routes that undergo further decomposition in the proposed second-crack route [1] . The aforementioned species were found to be major N-carriers during pyrolysis and decomposition of EA. Detailed kinetic models on decomposition of EA included these species [23, 24] . (CH 2 =NH) is the simplest imine compound, it has been observed in the pyrolysis of methylamine, ethylamine (amines in general), and azides as a reactive intermediate [25] [26] [27] [28] [29] [30] [31] [32] [33] . A great deal of research has been carried out to assign the microwave, infrared, and electronic spectrum of this moiety [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . As a reactive species, MI can dissociate by 1,2-elimination of H 2 which has been studied both experimentally and theoretically [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Vinylamine and ethyleneimine are chemicals that widely used in industry; they were first detected as primary pyrolysis product of EA in the gas phase using microwave spectroscopic technique by Lovas et al. [1, 2] . They characterized the microwave and infrared spectra of VA and EI two isomers, E-and Z-ethyleneimine in a temperature range from 150 to 900 °C and suggested a non-planar structure of vinylamine (CH 2 =CHNH 2 ) [1, 2] . Moreover, theoretical studies on VA structure produced the same result [16, 18, 20, [56] [57] [58] [59] [60] . Traeger et. al. [12] reported using photoionization mass spectrometry and high-level Ab initio calculations to measure the heat of formation for ethyleneimmonium cation (CH 3 CH=NH 2 + ) and derived an absolute proton affinity for cis (E) and trans (Z) ethyleneimine isomers (CH 3 CH=NH). Stolkin et al. [7] obtained the first matrix spectra of EI produced by photolysis in low-temperature Argon matrix where EI molecule was produced by the pyrolysis of N-trimethylhexahydro-s-triazine (NTMT). They also reported a set of Ab initio SCF LCAO calculations for both the cis and trans isomer of EI [7] . On the other hand, the gas-phase infrared spectrum of EI produced by the pyrolysis of EA was first obtained by Hashiguchi et al. [11] . Ab initio MO method was used to calculate the force constants of both cis and trans isomers, and from the microwave and infrared spectra combined with Ab initio MO calculations; they concluded that the cis isomer to be the lower in energy than the trans form by 2.5 kJ mol −1 [11] .
Keteneimine is an unstable isomer of acetonitrile. It was firstly synthesized by Staudinger and Hauser in 1919 [61] ; it has been assigned as one of the chemical components of the interstellar medium [62] and its spectrum has been obtained [63] [64] [65] [66] [67] [68] [69] [70] . Moreover, theoretical studies to obtain the optimized geometries of ketenimines and the substituent effects on the stability of ketenimines have been reported [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . Keteneimine is a transient tautomer of the stable acetonitrile and a reactive intermediate with sp-hybridized central carbon atom; it can undergo electrocyclic ring closure, nucleophilic addition, radical addition, and other reactions [81] .
Ethynylamine is another unstable isomer of acetonitrile, its vibrational frequencies and rotational constants were firstly predicted by Saebø et al. [82] using Ab initio MO calculations in 1984.
While the first experimental generation of ethynylamine was reported in 1986 by Baar et al. [83] and later in 1988 by Wentrup et al. [84] . Ab initio calculations predicted keteneimine to be more stable than ethynamine by by 25-67 kJ mol −1 [77, 85] .
Recently, Almatarneh et al. [21] reported a theoretical study for the mechanisms of the decomposition reaction of EA. They were interested in the first stage-cracking pattern postulated for the decomposition of EA. Four pathways were proposed for the decomposition of EA. The decomposition reaction involved the removal of H 2 , NH 3 , CH 4 , and the formation of methanimine (methyleneimine, MI), ethenamine (vinylamine, VA), and ethanimine (ethyleneimine, EI) by elimination and 1,3-proton shift. They found that the activation energy for the most favorable pathway is 281 KJ/mol which was higher than the expected experimental value. In this work, we focused on the second-stage cracking of the pyrolysis of EA that suggested by Lovas et al. [1] . Investigated pathways include either H 2 elimination or 1,3-proton shift. These pathways lead to the formation of hydrogen cyanide, acetylene, acetonitrile, ethynamine, and ketenimine via the removal of H 2 , CH 4 , and NH 3 . Despite recent aforementioned progress, the underlying mechanism for the decomposition of ethylamine is still unknown. The most intriguing question is related to the extent in which the primary decomposition products of EA catalyse the degradation of the parent EA. In our previous work on the unimolecular decomposition of EA, we found that the initial decomposition channel corresponds to fission of the C-N bond. Out fitted pressure-dependent reaction rate constants agrees well with analogous experimental measurements behind reflected shock tube [86] . To this end, we report in this study a detailed account of possible mechanisms for the parallel decomposition of MI, VA, and EI. Results obtained in this study will be instrumental to understand the overall decomposition of alkyl amines and the likelihood of the competitions between unimolecular-and bimolecular-derived routes.
Computational method
All calculations were performed using the program Gaussian09 [87] package. The geometries of all reactants, transition states, and products were fully optimized at B3LYP, M06-2X [88], and MP2 levels of theory using the 6-31G(d) basis set. Both extended 6-31G(2df,p) and 6-31++G(3df,3dp) basis sets at B3LYP level of theory have also been utilized to examine the effect of diffuse functions and to confirm the reliability of the 6-31G(d) basis set. Single point energies were determined using G4MP2 composite method. The principle reason for employing different levels of theory is to assure that the relative stabilities remain independent of the basis set. All reaction pathways have been verified using Intrinsic Reaction Coordinate (IRC) analysis of all proposed transition states. The last structures of the IRC in both directions were further optimized in order to positively identify their corresponding minima.
Results and Discussions
Scheme 1 depicts reactants, transition states, and products for second-stage decomposition reaction pathways of EA. The second-stage cracking of the pyrolysis of EA can follow seven possible pathways designated as denoted by pathways (A, B1→B3, C1→ C3). Pathways B1 and C3 are initiated by 1,3-proton shifts while pathways A , B2, B3, C1, and C2 are initiated by 1,2 elimination were investigated. All pathways involved one-step mechanism. The activation energies, the enthalpies of activation and Gibbs free energies of activation for the proposed mechanisms at various levels of theory are listed in Tables 1, 3 , and 5. The energies, the enthalpies, and Gibbs free energies for this reaction at various levels of theory are listed in Tables 2, 4 , and 6. Optimized geometries for the reactants, transition states, and products involved in all investigated pathways (A , B1→B3, C1→ C3) are shown in Fig. 1 , and their relative energies are given in Figs. 2→4.
The Decomposition of Methanimine Intermediate
One possible pathway has been proposed for the decomposition of methanimine which is a onestep mechanism, see Scheme 1. The optimized geometries for the reactant, transition state, and product involved in pathway A along with their relative energies are given in Figs. 1 and 2. The reaction was initiated by 1,2-elimination to produce H 2 and a hydrogen cyanide. It is worth noting that there was a significant decrease in the ∠CNH angle from 125° in the reactant (R A ) to 55° in the transition state (T SA ). The NH and CH bonds increased significantly in the transition state. The NH and CH bonds increased from 1.02Å and 1.09Å in the reactant to 1.41Å and 1.49Å
in the transition state, respectively (with largest value of 1.55Å at MP2 level of theory).
As can be seen in Table 1 , the activation energies for pathway A were 396 and 404 kJ mol −1 at B3LYP/6-31++G(3df,3dp) and G4MP2 levels of theory, respectively. G4MP2 and the B3LYP/6-31G(2df,p) levels of theory, respectively.
The Decomposition of Ethanimine Intermediate
Three decomposition pathways of ethanimine were investigated as shown in Scheme 1 and Fig.   1 . In pathway B1 (Fig. 3) , the transfer occurred from the imino group to the methyl group to produce CH 4 and HCN (hydrogen cyanide) through 1,3-proton shift. levels of theory, respectively, see Table 3 .
Meanwhile, pathways B2 and B3 involved a 1,2-elimination of hydrogen. In pathway B2, the elimination step occurred at CN bond to afford CH 3 CN (acetonitrile) and H 2 . Transition state (TSB2) geometry showed significant decrease in the ∠CNH angle from 111° in reactant to 58° in TSB2. The ∠NCH angle is also decreased from 122° in the reactant (R B2 ) to 114° in the TS B2 ; in which it accounts in angle strain in the four-membered ring transition state. For pathway B3, the 1,2-elimination of hydrogen occurred at the CC bond to form H 2 C=C=NH (ketenimine) and H 2 .
The major changes in the geometry of the transition state (TSB3) were in ∠CCN, ∠C (2) C (1) H and
H angles (where C (2) :Sp 2 carbon and C (1) : Sp 3 carbon). The ∠CCN, C (2) C (1) H and
H angles were changed from 122°, 116°, and 110° in the reactant to 139°, 100°, and 58°
in the TSB3. The activation energies for pathway B2 were 379 and 387 kJ mol −1 at B3LYP/6-31++G(3df,3dp) and G4MP2 levels of theory, respectively. While for pathway B3, the barrier was 381 kJ mol −1 and 396 kJ mol −1 at B3LYP/6-31++G(3df,3dp) and G4MP2 levels of theory, respectively, see Table 3 .
Pathways B2 and B3 signify 1,2 hydrogen elimination. The energy barrier for pathway B2 has a lower activation energy than Pathway B3. Pathway B2 is the most favorable among the other postulated pathways for the decomposition of ethanimine since it has the lowest activation energy at all calculated levels of theory. The activation energies for pathways B1 and B2
obtained at all level of theory were lower than theoretical values computed by Arenas et al. [89] (444 kJ mol −1 for pathway B1 and 431 kJ mol −1 for pathway B2). The relative energies for the decomposition pathways for ethanimine (B1→B3) at all studied levels of theory are shown in Fig.3 . For pathways B2 and B3, it may be assumed that hydrogen abstraction from nitrogen and carbon sites should occur equally as CH and NH bond strengths are almost equal. The barriers for these proposed mechanisms were different depending on the site where the abstraction occurs. Table 4 shows the enthalpies and Gibbs free energies for the decomposition reaction of ethanimine in kJ mol −1 for pathways B1, B2 and B3. It can be seen from Table 4 that the decomposition reaction of ethanimine is endothermic and endergonic (i.e. non-spontaneous reaction) at all levels of theory for pathways B2 and B3, while endothermic ( except for MP2/6-31G(d) and MP2/6-31+G(d) levels of theory) and exergonic (i.e. spontaneous) for pathway B1.
Hydrogen elimination from CN bond is the most probable pathway in the proposed mechanism.
It has a lower activation energy over the 1,3-proton shift step (pathway B1) and hydrogen elimination from CC bond. As we can see, hydrogen abstraction from C and N atoms (pathway B2) is the most probable primary step in the proposed mechanism for the decomposition reaction. The comparison of the relative energies for the three pathways at G4MP2 level of theory is given in Fig. 3 . It is worth mentioning that the activation energies at G4MP2 level of theory differ by no more than 15 kJ mol −1 from the ones calculated at DFT functionals. While at M06-2X/6-31G(2df,P) level of theory is no more than 7 kJ mol −1 for the decomposition of ethanimine.
The Decomposition of Ethenamine Intermediate
The decomposition of ethenamine (aminoethylene) can follow several possible pathways designated as pathways C1→C3. The geometries for the reactants, intermediates, transition states, and products involved in pathways C1→C3 are shown in Fig. 1 and scheme 1, and their relative energies are given in Fig. 4 . The structure of ethenamine obtained from IRC calculations on the transition state was found to involve two conformers; planer and pyramidal ethenamine.
Planer ethenamine was the reactant for both pathways C1 and C3. However, pathway C2 was initiated by pyramidal ethenamine conformer. The value of energy of the two conformers obtained at B3LYP/6-31++G(3df,3dp) level of theory implied that the planer conformer is more stable by 27.4 kJ mol −1 in agreement with a previous study by Miranda et.al [60] . For pathways C1 and C2, 1,2-elimination of hydrogen was the initiating step. In pathway C1, the hydrogen elimination occurred at CN bond to produce H 2 C=C=NH (ketenimine) and H 2 . Transition state (TS C1 ) geometry showed significant difference at different levels of theory. NH bond increased from 1.01 Å in the reactant to 1.18 Å at B3LYP/6-31++G(3df,3dp), 1.36Å at G4MP2, and
1.53Å at MP2/6-31+G(d) in the transition state. Meanwhile, CH bond showed an increase from 1.08Å to 1.82Å at B3LYP/6-31++G(3df,3dp), 1.50Å at G4MP2, 1.33Å at MP2/6-31+G(d), and 1.94 Å at B3LYP/6-31+G(d) level of theory for the transition state. A similar variation was noticed for the bond angles. The ∠CNH and ∠NCH angles were decreased from 116° and 113°
in the reactant to 92° and 81° at B3LYP/6-31++G(3df,3dp), 74° and 94° at MP2/6-31+G(d), and 97° and 79° at B3LYP/6-31+G(d) level of theory. The significant decrease in these angles account in the angle strain in the four membered ring transition state and high energy barrier for pathway C1 of 418 kJ mol −1 at B3LYP/6-31++G(3df,3dp) level of theory (433 kJ mol −1 at G4MP2 level of theory), see Table 5 .
For pathway C2, the 1,2-elimination of hydrogen occurred at the CC bond to form HC≡C-NH 2 (ethynamine) and H 2 . The major changes in the geometry of the transition state (TS C2 ) were in CCN, C (2) C (1) H and C (1) C (2) H angles. The ∠CCN, ∠C (2) C (1) H, and ∠C (1) C (2) H angles was changed from 122°, 120°, and 121° in reactant to 151°, 104°, and 61.4° in TS C2 . Also, a significant increase in the bond length occurred for C (2) H and C (1) H. An increase from 1.08Å and 1.09Å in reactant to 1.50Å and 1.52Å for C (2) H and C (1) As shown in Table 5 , the activation energies for pathway C2 were 458 and 481 kJ mol −1 at B3LYP/6-31++G(3df,3dp) and G4MP2 levels of theory, respectively, indicated an angle strain in the four membered ring transition state. Both pathways C1 and C2 initiated by 1,2 hydrogen elimination, and as CH and NH bond strengths are almost the same, it may be assumed that hydrogen abstraction from nitrogen and carbon sites should occur equally. Similar to what we mentioned earlier for the decomposition of ethanimine, the abstraction from NH bond (C1) has the lower activation energy compared to CH bond (C2).
For pathway C3, the ethenamine reactant was planar as revealed from IRC calculations. The reaction initiated by hydrogen transfer, via a 1,3-proton shift, from the methylene group to the amine group to produce acetylene and ammonia. A significant decrease occurred in the ∠C (1) C (2) H angle from 122° in the reactant to 71.8° in the transition state (TS C3 ). The ∠CCN angle decreased from 127° to 105° in the TS C3 . The C (2) H and NH bonds increased significantly from 1.08Å and 1.39Å to 1.61Å and 1.51Å at B3LYP/6-31++G(3df,3dp) level, respectively. It is worth mentioning that the conformation of the reactant for pathway C3 differs at all the levels of theory used in this study. Planar ethenamine conformer was the optimized reactant at B3LYP/6-31G(d), B3LYP/6-31G(2df,p), and B3LYP/6-31++G(3df,3dp) levels of theory. Meanwhile, the pyramidal conformer was the optimized one at MP2/6-31G(d), MP2/6-31+G(d), and B3LYP/6-31+G(d). This can be explained by the effect of the employed level of theory on the stability of the conformer, noting that the geometry of amnio group in the transition state is pyramidal at all levels of theory. The activation energies for pathway C3 were 301 and 297 kJ mol −1 at B3LYP/6-31++G(3df,3dp) and G4MP2 levels of theory, respectively. A comparison of the activation energies for the three pathways at G4MP2 level of theory can be seen in Fig. 4 . As can be seen in Table 5 and Fig. 4 , pathway C3 has the lowest energy barrier at all levels of theory and is the most favorable decomposition route for ethenamine over C1 and C2. The relative energies, enthalpies, and Gibbs free energies for the decomposition reaction of ethenamine in kJ mol −1 for pathways C1→ C3 are given in Table 6 . It can be seen that the decomposition of ethenamine is endothermic and endergonic (non-spontaneous reaction) at all levels of theory for the three proposed pathways.
As we can see, hydrogen elimination from C and N atoms is the most probable primary step in the proposed mechanism for the decomposition reaction. However, the barriers for these mechanisms were different depending on the site where the abstraction occurs. Our study found that the keteneimine to be more stable than ethynamine by 40 kJ mol −1 at B3LYP/6-31++G(3df,3dp) level of theory which is in an agreement to previous findings [77, 85] .
For the decomposition of ethenamine, the activation energies at G4MP2 level of theory differ by no more than 2-23 kJ mol −1 from the ones calculated at DFT functionals. While the difference in activation energy at M06-2X/6-31G(2df,p) from G4MP2 and B3LYP/6-31G(2df,p) levels of theory is no more than 13 and 16 kJ mol −1 . It is worth noting that the activation energies at B3LYP/6-31G(2df,p) differ by no more than 1-8 kJ mol −1 from the values of B3LYP/6-31++G(3df,3dp) level of theory for the decomposition of methanimine, ethanamine, and ethenamine. Therefore, it is more convenient to use B3LYP/6-31G(2df,p) level of theory which is the least computationally expensive method for providing reliable energetics for such system.
Conclusion
The second-stage cracking mechanisms of ethylamine, decomposition of mathanimine, ethanimine, and ethenimine, were investigated using DFT calculations. Seven pathways for the decomposition reaction were investigated. The IRC analysis was carried out for all transition state structures to obtain the complete reaction pathways. We found that the hydrogen elimination from CN bond is the most probable pathway compared to the elimination from CC 
